Abstract The aim of this study was to test the hypothesis that imbalance in patients with a severe deformity of the spine is associated with an increase in the sensory integration disorder. This paper is a case comparison study. Patients were divided into three groups: able-bodied (n = 53), observation (n = 23), and pre-brace (n = 26) groups. Time domain parameters (sway area, position and displacement) and structural posturographic parameters [mean distance (MD) and mean peak (MP)] were calculated from the COP excursion using a force platform. A sensory integration disorder could be an important factor in the progression of the scoliotic curve. Significant differences were found in time domain between observation, prebrace and able-bodied groups. The results for the structural posturographic parameters showed significant differences between the pre-brace and the able-bodied groups (P = 0.018 MD and P = 0.02 MP) demonstrating a perturbation in sensory integration system by an increase of imbalance. The absence of statistical difference between the observation and the pre-brace groups for the structural posturographic parameters indicates a perturbation of sensory integration system associated with curve progression. Our study has demonstrated that the pre-brace group is less stable than the able-bodied group. The severity of scoliosis in pre-brace scoliotic girls could be related to an increase in the sensory integration disorder.
Introduction
Adolescent idiopathic scoliosis (AIS) is often characterized by a lateral deviation of the spine. This three-dimensional deformation is responsible for geometric changes in the trunk [12, 13, 17] and rib cage [28] . Its prevalence is approximately 2-3% in children aged between 10 and 16 years and girls are more at risk for severe progression by a ratio of 3.6-1 [32] . Several aetiologies of AIS are suggested [9, 10, 19] . Among these, Yamada and Yamamoto [34] raised the hypothesis that a deficit in postural balance results in scoliosis.
Herman et al. [16] reported that a sensory rearrangement of the motor system on the representation of the body in space could be associated with idiopathic scoliosis. This could explain the relations reported between standing imbalance in AIS and types of curvature [11] , body posture [21] and spinal deformity progression [3, 25] . The inability to recalibrate the position of the center of pressure (COP) in relation to the body's center of mass (COM) due to a sensory integration disorder could be responsible for balance dysfunction in AIS [18] . This is supported by clinical findings in which differences in neurological responses were reported between AIS and normal subjects [3, 33, 35] . We assumed that a sensory integration disorder could also be an important factor in the progression of the scoliotic curve due to an inability to readjust the position of the COP on a long time scale to counterbalance COM position.
The integrity of the postural control system can be measured in different ways in quiet standing balance. Sensory integration deficits can be estimated by measuring the excursion of the COP during or following visual or proprioceptive deprivation [3, 8, 22, 26, 27, 29, 30] . Body shifting can also be assessed by prolonged testing periods of 30 min without external perturbations [36] . Both of these methods address postural imbalance in the anteroposterior and medio-lateral directions separately and in the time domain. The posturographic analysis designed by Baratto et al. [2] is based on the structural characteristics of the COP excursion (sway density plots) in the horizontal plane. There is no need to perturb the subject since the ability to maintain a stable position or to migrate over a period can be estimated from the COP excursion highlighting problems on quiet standing. This method, which contains similarities with the concept of rambling and trembling of Zatsiorsky and Duarte's stabilogram decomposition [36, 37] , has been used in few studies to investigate the effect of sensory deprivation on standing balance in AIS [26, 27] and in patients with chronic low back pain [23] .
The aim of this study is to test the hypothesis that imbalance in patients with a severe deformity of the spine is associated with an increase in the sensory integration disorder.
Methods
In total, 102 girls participated in this study. Among these, 49 girls were diagnosed as AIS according to the definition given by Bunnell [4] . The inclusion criteria were the following: subject aged between 10 and 16 years, a Cobb angle C10°and no active treatment of the scoliosis (brace or surgery). All scoliotic subjects were recruited from the orthopaedic clinic of the Sainte-Justine Hospital. According to clinical criteria, scoliotic girls were divided into two groups: the observation and the pre-brace groups. This segregation between scoliotic subjects was done to test if the severity of scoliosis in still non-treated AIS girls is related to an increase in the sensory integration disorder. The orthopaedist's diagnosis was used as division criterion instead of Cobb angle because this clinical criterion takes into account more factors (such as age, Risser sign, Cobb angle, gibbosity and history of scoliosis in the immediate family) than Cobb angle alone.
The observation group consisted of 23 girls (12.5 ± 2.4 years) in which 20 subjects had a right thoracic curve and the remaining had a right (n = 3) lumbar curve. Subjects in the observation group had a mean height and weight of 151.5 ± 10.7 cm and 43.5 ± 10.9 kg, respectively and a mean Cobb angle of 18.9 ± 7.1°. Because of their relatively small scoliotic curve, these subjects were clinically followed at regular intervals of three months but bracing was not recommended.
Twenty-six girls (12.2 ± 1.4 years) to whom a Boston brace was prescribed formed the pre-brace group. These subjects were not under active brace treatment before their postural evaluation. According to the Scoliosis Research Society, the Boston brace was indicated for the adolescent with moderate scoliosis (curvature [ 30°) and/or having a significant risk for progression of the scoliosis. The prebrace group had an average Cobb angle of 27.2 ± 12.4°a nd their average height and weight were 152.3 ± 10.3 cm and 42.1 ± 8.3 kg, respectively. Twenty-five subjects had a right thoracic curve and the remaining had a right (n = 1) lumbar curve. A significant difference (P = 0.001) was found between the Cobb angle of the observation and the pre-brace groups. It should be noted that this difference is not imperative since the division criterion of this study is based on clinical criteria instead of the Cobb angle only.
Fifty-three young healthy adolescent girls without spinal deviation volunteered to form the able-bodied group were selected from nearby schools. Age and sex were the main inclusion criteria while the diagnosis of scoliosis or other neuromuscular disorders as well as a recent health problem that could affect standing balance were the exclusion criteria. Their average age was 13.8 ± 1.9 years, their weight 49.9 ± 9.8 kg and their height 159.2 ± 9.3 cm. No significant differences (P [ 0.05) were found between the age, weight and height for the three groups. The adolescents and families were informed of the purpose of the experiments and gave their informed consent.
Standing balance was tested using an AMTI force platform (AMTI, Newton, MA, USA). Each subject was asked to stand as quiet as possible on the force plate in a standardized position with the heels spaced by approximately 20 cm and the midline of the feet were pointing externally by 15°as described by McIlroy and Maki [20] . They were asked to keep their eyesight focused on a target placed at eye level, 1.2 m ahead with their arms by their sides. Each subject completed three trials of 64 s at a sampling rate of 64 Hz [1, 6] . The participants had 2 min of rest between each trial to limit the effect of fatigue. The COP excursion was calculated from the ground reaction forces and moments obtained from force platform. The COP corresponds to the point of application of the resultant Eur Spine J (2009) 18:38-44 39 force acting on the platform and its excursions are indicative of subject's stability [7] . In all, seven balance parameters were calculated from the excursion of the COP. Five of them were time dependant balance parameters (global posturographic parameters). The mean value of the COP indicates the position of the COM. A positive value in the anteroposterior direction (COP AP ) corresponds to a forward displacement of the COP measured from the back of the heels, while a positive medio-lateral (COP ML ) displacement is a shift of the COP towards the left limb from its central body position. Body oscillations are represented by the surface covered by the COP and is called sway area. A large area reflects greater neuromuscular demand to regulate body oscillations. The last two time dependant parameters are the sum of the COP displacements in the antero-posterior (L AP ) and medio-lateral (L ML ).
Two additional parameters were calculated from the shape of the COP trajectory. The sway density plot is computed by counting the number of consecutive samples during which the postural oscillations remain inside a 2.5 mm radius. The sway density curve is digitally filtered with a fourth-order Butterworth filter (2.5 Hz low pass cutoff frequency with dual-pass to remove phase shift) in order to perform a better peak extraction of the two structural parameters. The peaks of the sway density curve correspond to time instants in which the COP is relatively stable and valleys correspond to time instants in which the COP rapidly shifts from one stable value to another. The mean value of all peaks (MP: mean peak) and the mean value of all distances (MD: mean distance) between peaks have been extracted from the sway density curve. More specifically, MP represents the time spent by the COP inside the 2.5 mm radius circle centered at the time of peak and estimates the degree of stabilization. It is measured in seconds though its name reflects a number of events rather than time. On the other hand, MD is related to the amplitude of COP excursion from one center of stabilization to Fig. 1 Excursion of the COP a for an able-bodied subject and b a scoliotic girl another. These parameters have been suggested to reflect the capacity of the central nervous system (CNS) to integrate the sensory information and anticipate physiological internal delays in order to keep the vertical alignment of the whole body [2] . An increase in the MD and a decrease in the MP are indicative of inadequate postural balance commands since the subject sways larger and passed less time in each center of stabilization in the posturogram [2] . Figure 1 represents the excursion of the COP for an able-bodied girl and a pre-brace subject measured for a trial. In Fig. 1a , the COP is contained inside a single and large area which is characteristic of able-bodied individuals, whereas pre-brace subjects, who have a tendency to shift position even in quiet standing, will display two or more areas representing intermediary stable COP positions as illustrated in Fig. 1b . One of the parameter related to sway density plots, mean distance, characterizes COP shifts.
In order to corroborate that imbalance in scoliotic patients during quiet standing is associated with a sensory integration disorder and to examine if these deficits are related to the severity of spine deformity, analysis of covariance (ANCOVA) was performed between the three groups for the time-dependant and structural posturographic parameters with the age, weight, height and Cobb angle as co-variables. When the ANCOVAs were significant (P \ 0.05), the means were compared using Tukey correction for the unequal n. Figure 2 illustrates the mean position of the COP for the able-bodied, the observation and pre-brace groups. Compared to the able-bodied group, the mean position of the COP AP (Fig. 2a) for the observation and pre-brace groups were significantly closer to the heels by 7.9 mm (P = 0.04) and 12 mm (P = 0.001), respectively. The mean position of the COP ML was not statistically significant between all three groups as shown in Fig. 2b . Nonetheless, the observation group displayed a 1.8 mm displacement more to the right than the able-bodied subjects and 2.8 mm than the pre-brace girls. The absence of difference may be due to the intra-group variability.
Results
Sway area is reported in Fig. 3 for the able-bodied girls, and the AIS (observation and pre-brace) groups. The observation group had 15% more sway area than the able-bodied group, and 14% less sway area than the prebrace group. However, these differences were not statistically significant. The pre-brace group displayed a 58% statistically larger (P = 0.008) sway area than the ablebodied group. Figure 4 represents the mean sum of the displacement of the COP AP (L AP ; Fig. 4a ) and the COP ML (L ML ; Fig. 4b ) for all groups. The mean sum of the displacement of the COP AP , was 256.3 mm (P \ 0.001) longer for the observation group than in the able-bodied group and statistically greater by 374.2 mm (P \ 0.001) in the pre-brace group compared to the able-bodied group. The mean sum of the displacement of the COP ML (L ML ; Fig. 4b ) was also significantly larger in the observation (P \ 0.001) and prebrace (P \ 0.001) groups than in the able-bodied group.
Figures 5 and 6 present the structural parameters (MP and MD) of the COP excursion for all groups. The MD (Fig. 5 ) and the MP (Fig. 6) were statistically different for the pre-brace group compared to the able-bodied group. The mean distance was 36% longer (MD P = 0.009) and the time spent in the stability region was 29% smaller (MP P = 0.02) for the pre-brace group compared to the ablebodied group. No statistical difference was found between 6 Mean peak of the COP between the able-bodied, the observation and pre-brace groups. Asterisk denote significant differences for P \ 0.05 the observation and the able-bodied groups, neither between the observation and pre-brace groups.
Discussion
The objective of this study was to determine whether a sensory integration disorder is related to scoliosis' severity in non-treated AIS girls. The time parameters in quiet standing, (increase of sway area and COP displacements) were statistically increased in the observation and pre-brace groups compared to the able-bodied group. It suggests the presence of a balance control problem although these measures do not indicate the cause. The present study not only confirms the findings of Gregorič et al. [14] and Byl et al. [5] , but it also associates the ability to recalibrate the COP position according to COM (i.e. to find a different equilibrium point) with a sensory integration disorder.
The results of the sway density plots help in identifying the mechanisms that cause greater balance instability in AIS. The increase in the MD and a decrease in the MP values obtained from sway density plots observed in the pre-brace group suggest the existence of a sensory integration disorder. This reflects a poor balance and an increase of oscillations during quiet standing. A longer distance between each stabilization center for the pre-brace girls and less time spent on each stabilization center is due to more frequent COP shifting. Zatsiorsky and Duarte [24, 34] reported that this type of pattern represents different strategies of the CNS to produce permanent changes on the COP. An inappropriate feedback or a deficiency of CNS programming demonstrated by the increase of MD and a decrease of MP in pre-brace group may be due to the alteration in visual [15] and vestibular inferences [24, 25] as well as spinal deformity [16] .
The irregularity of sensory integration in the pre-brace group could be related to a reduction in the accuracy or a deterioration of the motor control [2] . Herman et al. [16] has demonstrated that the AIS adopt a new motor strategy based upon the recalibration or reinterpretation of the proprioceptive inferences. The postural strategy adopted by the pre-brace girls may have a profound effect on the structural deformity of the scoliotic curve [16] . The imbalance in the observation group was documented by increase of the sway area and COP displacement in time domain. Therefore, the observation group could constitute an intermediate sensorimotor condition between the ablebodied and the pre-brace group.
The originality of our study confirms a sensory integration disorder for the pre-brace group and demonstrates that the observation group has a sensorimotor system similar to the able-bodied group. If the progression of the AIS is related to a neurological dysfunction [31] , we can assume that the progression of the spinal deformity could evolve in two stages. During the initial stage, the development of a small curvature might be due to a defect in the neuromuscular and in the sensorimotor system. This stage shows a statistically significant difference between the observation and the able-bodied groups in the time domain. In the second stage, the increase in scoliotic curve and the neurological dysfunction seem to perturb the ability to recalibrate the position of the COP in relation to the COM due to a sensory integration disorder. Hence, time domain parameters highlight a postural imbalance while the structural parameters (sway density plots) emphasize sensory integration disorders as distinguished in the pre-brace group.
Conclusion
Our study has demonstrated that the adolescent idiopathic scoliotic girls are less stables and have more oscillations than the able-bodied group. The severity of scoliosis in prebrace girls might be related to an increase in the sensory integration disorder as indicated by an increase of mean distance and a decrease of MP of the COP excursion which showed postural instability.
